Subterranean tuco-tucos (genus Ctenomys) are a speciose group of South American hystricognath rodents, often taken as an example of explosive speciation. The 4th intron of the rhodopsin gene (567 bp) and partial sequence of the 2nd intron of the vimentin gene (403 bp) were used to assess phylogenetic relationships among 20 species of Ctenomys and 3 octodontid species. Some of the main groups of Ctenomys species previously reported in the literature (e.g., the ''boliviensis'' group) are confirmed, as is the lack of resolution of basal nodes. This star-like pattern of diversification of tuco-tucos was recovered with both the new nuclear dataset and an expanded mitochondrial dataset, providing further evidence that Ctenomys underwent a phase of rapid diversification early in its history.
et al. 2000; see also Reig et al. 1990 ). This genus consists mainly of solitary species, although some are social or semisocial (Lacey et al. 1997) . With a diversity of over 56 living species (Reig et al. 1990 ) and an antiquity in the fossil record of approximately 2 million years (Mones and Castiglioni 1979) , Ctenomys has been referred to as a case of explosive speciation (Reig et al. 1990 ). More recently, Verzi (2002) reported Ctenomys fossils in the Chapadmalalan, implying an age greater than 3 million years (Schultz et al. 1998 ). In addition, tuco-tucos exhibit great karyotypic diversity, ranging from 2n ¼ 10 (C. steinbachi) to 2n ¼ 70 (C. pearsoni- Cook et al. 1990; Ortells 1995; Reig et al. 1990 ). There have been attempts to associate this chromosomal diversity with rapid speciation (Ortells and Barrantes 1994; Reig 1970) .
Previous work aimed at testing the hypothesis of an increased rate of diversification in Ctenomys relative to their sister taxon, the octodontids Lessa and Cook 1998; Mascheretti et al. 2000; Slamovits et al. 2001 ; but see also Honeycutt et al. 2003) was done on the basis of mitochondrial cytochrome b (Cytb) sequences. These studies generally indicated a burst of diversification early in the history of the genus. However, these results must be viewed cautiously because they are all based on the mitochondrial Cytb gene, and hence do not constitute independent evidence. The appeal of mtDNA for phylogenetic studies lies in its rapid coalescence time, predominantly maternal inheritance, high interspecific levels of variation, and readily available primers and protocols for amplification and sequencing. Despite these advantages, mtDNA often shows high levels of homoplasy, as expected from its rapid rate of evolution. Moreover, Cytb appears to have a complex mode of evolution and fails to fit a molecular clock in tuco-tucos and allied octodontids .
To further examine the pattern of diversification of tucotucos, we have obtained nucleotide sequences of introns from 2 nuclear genes. These introns are not linked to the mitochondrial genome and therefore allow a phylogenetic assessment independent from those based on mitochondrial loci. The utility of introns in phylogenetic and population genetic inference has been investigated (DeBry and Seshadri 2001; Lessa 1992; Lessa and Applebaum 1993; Swofford et al. 1996 ) and compared to that of mitochondrial loci (Prychitko and Moore 2000; Rockman et al. 2001; Springer et al. 2001 ). In addition, we assembled an expanded dataset that included all tuco-tuco species for which mitochondrial Cytb sequences are available in GenBank. Both datasets provide further support for the idea that the tucotuco clade has undergone a rapid expansion early in its history.
MATERIALS AND METHODS
Specimens examined, DNA extraction, amplification, and sequencing.-We used the same set of species as Cook and Lessa (1998) , with the exclusion of Ctenomys sociabilis. The following species are represented by other specimens (collector and collector number in parentheses) than those used in Cook and Lessa (1998) : C. torquatus (CA 654), C. pearsoni (CA 722), C. mendocinus (FC 5521), C. flamarioni (T 29-see D'Elía et al. 1999 , for details on these specimens); and C. rionegrensis (EV 1064), a specimen deposited in the collection of the Laboratorio de Evolución, Facultad de Ciencias, Universidad de la República, Montevideo, Uruguay, from El Abrojal, Río Negro, Uruguay (see Wlasiuk et al. 2003 for details on this locality). Following Lessa and Cook (1998) , outgroup taxa were Spalacopus cyanus, Octodon degus, and Tympanoctomys barrerae.
Frozen (À808C) or ethanol preserved liver or muscle samples were subjected to proteinase K digestion, NaCl precipitation of proteins, and DNA precipitation with isopropanol, as outlined by Miller et al. (1988) . The 4th intron and flanking exon regions of the rhodopsin gene were amplified by the polymerase chain reaction (PCR), and both strands of the products were sequenced. Partial sequences of the second intron of the vimentin gene were obtained using only the forward primer. PCR amplifications were carried out in a reaction volume of 25 ll containing 1 U of Platinum Taq polymerase (Life Technologies, Carlsbad, California), 12.5 ll of 1:100 total DNA dilution, 2.5-4.0 mM MgCl 2 , 0.2 lM of each primer and 0.8 mM of dNTPs (0.2 mM each). Amplification conditions were the following: 33 cycles alternating denaturation at 948C for 45 s, annealing at 538C for 45 s and extension at 728C for 1 min, preceded by 2 min of polymerase activation at 948C and followed by a final extension at 728C for 3 min. All PCR experiments included negative controls. Primer Rho 4 (Table 1) was designed based on a consensus rhodopsin sequence of several vertebrates. Primers Rho 3c, IntRho 3, and Rho 4b were designed based on the human rhodopsin sequence. Primers Vim F and Vim R are those reported by Lyons et al. (1997) and Vim 2F is a variant of Vim F.
Aliquots (5 ll) of PCR products and negative controls were run in 5% nondenaturing polyacrylamide gels and visualized by silver nitrate staining according to Sanguinetti et al. (1994) . Each remaining product was purified using Sephadex G-50 columns (Sigma Aldritch, St. Louis, Missouri), used as template in cycle sequencing reactions and run on 4% denaturing polyacrylamide gels using an ABI 377 automated sequencer (Applied Biosystems, Foster City, California). Sequences were aligned using the programs Sequence Navigator (Applied Biosystems, Inc., Version 1.0.1) and ClustalX (Version 1.81- Thompson et al. 1994 ). The sequences generated in this study were deposited in GenBank (accession numbers AY622612-AY622657).
Data analysis.-Both nuclear loci were combined in a single matrix. The most parsimonious trees were obtained using PAUP* (Swofford 2002) , with equal weights for all sites and heuristic searches with 1,000 replicates, the steepest descent option, and TBR swapping algorithm. A strict consensus of these trees was obtained. Fifty-six nested models of molecular evolution were evaluated under the Maximum Likelihood criterion, through likelihood ratio tests (Felsenstein 1981) with the assistance of Modeltest (version 3.06-Posada and Crandall 1998). The selected model was used to resolve a consensus of the most parsimonious trees by maximum likelihood (10 replicates), with the parameters previously obtained with Modeltest. Using the same conditions, a Likelihood Ratio Test did not reject a molecular clock. Therefore, branch lengths were adjusted according to this hypothesis (see ''Results'') and used for Lineages Through Time analysis with EndEpi (Rambaut et al. 1997 ). In addition, the tests of Colless (1982) and Chan and Moore (2002) were applied to the topologies obtained from the combined nuclear data, as well as from the mitochondrial data using SymmeTREE (version 1.1-Chan and Moore 2002). The same set of procedures was then used separately for each nuclear locus.
Statistical support was assessed with MrBayes (Huelsenbeck and Ronquist 2001) , using the selected model conditions as priors, one million generations, and four chains. Only the last 100,000 trees were retained.
Mitochondrial cytochrome b gene sequences.-We re-examined the pattern obtained by Lessa and Cook (1998) using 1 representative of each species for which complete mitochondrial Cytb gene sequences are now available in GenBank (Appendix I). We repeated the analytical steps used for the nuclear data on this Cytb dataset. A Likelihood Ratio Test allowed us to reject the molecular clock hypothesis (see ''Results''), so we estimated relative branching times with the nonparametric method of Sanderson (1997) using the program TreeEdit, version 1.0 (http://evolve.zoo.ox.ac.uk).
RESULTS
Variation, compositional bias and models of molecular evolution.-Rhodopsin 4th intron and partial flanking exon sequences were 567 bp in length for Ctenomys and 547 bp for Octodon, Spalacopus and Tympanoctomys. Vimentin partial second intron and 59 exon partial sequences were 403 bp in length for Ctenomys and 414 bp for Octodon, Spalacopus, and Tympanoctomys. The total combined alignment length was 983 bp. The maximum divergence within Ctenomys was 0.025 Lyons et al. 1997 (C. rionegrensis-C. sp. ''Ita'') for rhodopsin, 0.027 (C. torquatus-C. lewisi) for vimentin, and 0.164 (C. conoveri-C. leucodon) for Cytb ( Table 2 ). The maximum divergences between Ctenomys and octodontids were 0.157 (S. cyanus-C. frater), 0.163 (T. barrerae-C. conoveri) and 0.307 (O. gliroides-C. lewisi) for rhodopsin, vimentin, and Cytb, respectively. Average nucleotide composition was rhodopsin (0.22, 0.28, 0.25, 0.25), vimentin (0.31, 0.22, 0.16, 0.31) , and Cytb (0.31, 0.26, 0.12, 0.31) for A, C, G and T, respectively. For the nuclear markers, Kimura's 2P (Kimura 1980 ) model with a gamma distribution of rates at variable sites represented an appropriate compromise between increasing the complexity of the model and maximizing the accuracy of parameter estimation, as indicated by Likelihood Ratio Tests. The transition/ transversion ratio was estimated at 2.298 with an alpha shape parameter for the gamma distribution of 0.387. With the same criterion, the choice for Cytb was TrN model (Tamura and Nei 1993) , a submodel of GTR (Rodríguez et al. 1990) , with a proportion of invariable sites estimated at 0.508, gamma distribution of rates at variable sites with alpha ¼ 1.383, and nucleotide substitution rates of
Phylogeny.-Several arrangements suggested by the nuclear markers ( Fig. 1) are congruent with previous results based on mitochondrial Cytb sequences. These include 1) a clade containing C. lewisi-C. frater, C. sp. ''Llathu,'' and C. conoveri; 2) a boliviensis group including C. boliviensis ''Robore''-C. steinbachi, C. boliviensis, and C. goodfellowi; 3) a clade of two Patagonian species, C. coyhaiquensis and C. haigi; 4) a C. sp. ''Ita''-C. sp. ''Monte''-C. sp. ''Minut'' clade; 5) a clade formed with C. mendocinus-C. rionegrensis and C. flamarioni, the so-called ''mendocinus'' group; and 6) a clade formed by C. pearsoni and C. torquatus. As in earlier Cytb analyses D'Elía et al. 1999; Lessa and Cook 1998; Mascheretti et al. 2000; Slamovits et al. 2001) , the relationships between these clades, and more generally those near the base of the tuco-tuco clade, are poorly supported.
Patterns of diversification.-In the case of the nuclear markers, the Likelihood Ratio Test did not reject the hypothesis of a molecular clock. This allowed the analysis of the rates of diversification using a plot of lineages through time (Rambaut et al. 1997) , which uses branch lengths as estimates of times of divergence. The corresponding semilogarithmic plot suggests clades with a significant increase (P , 0.05 and P , 0.01) in the rate of diversification; these branches are concentrated near the base of the tuco-tuco clade, suggesting that a rapid expansion occurred early in the history of the genus (Fig. 2) . The same analysis performed on individual nuclear matrices yielded similar results (not shown).
In the case of the expanded Cytb data, the Likelihood Ratio Test rejected the molecular clock hypothesis, so the estimation of the relative branching times was based on the nonparametric method of Sanderson (1997) . Again, the corresponding semilogarithmic plot suggests a significant increase in the rate of diversification near the base of the tuco-tuco clade (Fig. 3) . For a description of the clades suggested by this locus, see Slamovits et al. (2001) .
The topological indices of tree imbalance proposed by Colless (1982) and by Chan and Moore (2002) were not significant for trees derived from all of our data sets (mitochondrial, combined nuclear, and individual nuclear loci; results not shown).
DISCUSSION
The main goal of this paper was to address with independent evidence the pattern and rate of diversification of lineages in the genus Ctenomys using Cytb. This entails 2 related issues, namely 1) whether the tree is significantly imbalanced in favor of the tuco-tuco relative to their sister taxon, the octodontids, and 2) whether the tuco-tuco clade shows a burst of diversification early in its history.
Many of the phylogenetic groups suggested by our new nuclear sequence data agree with those found in earlier analyses. A clade containing C. lewisi-C. frater, C. sp. ''Llathu,'' C. conoveri was described by D 'Elía et al. (1999) , Lessa and Cook (1998) , Mascheretti et al. (2000) , and Slamovits et al. (2001) based on Cytb variation. The ''boliviensis'' group was also indicated by these authors, and previously by Gardner (1991) , in a coevolution study of 6 Ctenomys species and parasite nematodes of the genus Paraspidodera. An allozyme analysis by Cook and Yates (1994) suggested C. boliviensis to be paraphyletic relative to C. steinbachi. C. pearsoni and C. torquatus were found to be sister species by D'Elía et al. (1999) . The Patagonian species C. coyhaiquensis and C. haigi had already been presented as sister species by Lessa (1998), D'Elía et al. (1999) , and Slamovits et al. (2001) . The ''mendocinus'' group was reported by Ortells (1995) on the basis of chromosomal data, and analyzed in some detail by D'Elía et al. (1999) using sequences. The clade including C. sp. ''Ita''-C. sp. ''Monte''-C. sp. ''Minut'' was presented by Cook and Lessa (1998) , although the position of C. sp. ''Minut'' inside this clade is uncertain Slamovits et al. 2001) . Relationships within the outgroup taxa, with S. cyanus and O. degus being more closely related to each other than any of them to T. barrerae, are the same as those suggested by previous analyses based on Cytb sequences (e.g., Lessa and Cook 1998) , and fit well with more comprehensive analyses of octodontid relationships (e.g., Honeycutt et al. 2003 ). Analyses performed with individual nuclear loci yielded similar results with respect to the clades obtained, although the relationships between these clades varied (results not shown). These variable branches coincide with those bearing low statistical support (Fig. 1) . The principal differences between our results and those previously reported in the literature concern the relationships among these clades (see above), as such relationships continue to be poorly supported by both nuclear and mitochondrial data. According to the nuclear loci, C. leucodon does not appear to be sister to the remaining tuco-tucos, as is the case when Cytb is analyzed. This taxon had been proposed by Osgood (1946) to constitute the subgenus Haptomys, based on its distinct skull morphology and procumbent incisors. In part, this distinction was supported by Lessa and D'Elía et al. (1999) based on mitochondrial data, although they noted that C. leucodon was 1 of many lineages stemming from a poorly resolved base of the tuco-tuco clade. The nuclear data provide no further evidence to support the recognition of Haptomys as a valid subgenus of Ctenomys. In the case of C. conoveri, assigned to the monotypic subgenus Chacomys by Thomas (1916) , our analyses agree with earlier ones in that this species belongs to a clade that includes C. lewisi, C. frater, and C. sp. ''Llathu.'' From a phylogenetic standpoint, therefore, there are no grounds to retain Chacomys as a valid, monotypic subgenus. Early burst of diversification in Ctenomys.-As in earlier analyses , we found no significant imbalance in the topological test developed by Colless (1982) . The most recent statistics developed by Chan and Moore (2002) were not significant either. Thus, the observed imbalance of standing diversity in favor of tuco-tucos relative to octodontids does not necessarily require different underlying rates of diversification. These negative results hold for both the nuclear and the expanded mitochondrial datasets. However, these statistics were developed for completely sampled phylogenies. As we cannot fulfill this requirement (see below), the latter conclusions about imbalance might be questionable (Chan and Moore 2002) . More generally, tests based on imbalance make use of topological data, but do not use branch lengths or other estimates of time. They therefore have limited power.
Other approaches exploit additional phylogenetic information and can therefore identify specific regions of the phylogeny that show rapid successions of branching events. A basal polytomy in the radiation of Ctenomys genus had been reported previously on the basis of mitochondrial Cytb nucleotide sequences Lessa and Cook 1998; Mascheretti et al. 2000; Slamovits et al. 2001 ). This phylogenetic pattern was once again revealed by the nuclear loci used in this study (see Figs. 1 and 2) . Regardless of the phylogenetic method of inference, the base of the tuco-tuco clade is poorly resolved and essentially collapses to a basal polytomy (Fig. 1) . Moreover, the increase in the relative rate of branching revealed by the lineages through time plot is consistent with a burst of diversification early in the history of the genus (Fig. 2) . The expanded Cytb dataset shows a similar pattern (Fig. 3) , although departures from a molecular clock required us to use non-parametric rate smoothing to estimate branch lengths (Sanderson 1997 ).
This star-like phylogenetic pattern has been difficult to interpret for several reasons. First, although the observed limited resolution near the base of the tuco-tuco clade might reflect a true star phylogeny, it might simply reflect an uneven distribution of phylogenetic signal across the phylogeny, attributable to the mode of evolution of the gene . Saturation of codon changes at third positions, for example, might produce the observed pattern. Lessa and Cook (1998) debated the issue and noted that in a related taxon, the spiny rats of the family Echimyidae, Lara et al. (1996) had observed another apparent burst of diversification using Cytb sequence data. Lessa and Cook (1998) also noted that the echimyid burst appeared to be much older than the tuco-tuco case, in line with inferences from the fossil record (Verzi 2002 ,   FIG. 2. -a) Maximum likelihood tree for the combined intron sequences with branch lengths estimated using a molecular clock. Lines corresponding to lineages that show significantly high relative rates of cladogenesis are highlighted as follows: gray (P , 0.01) and dotted (P , 0.05). b) Corresponding lineages through time plot. Time units are arbitrary but proportional to time according to the molecular clock hypothesis. and references therein; see also Huchon and Douzery 2001) . However, this observation does not rule out saturation or other gene-specific, rather than taxon-specific, explanations of the phylogenetic pattern, as those authors recognized.
Our newly available nuclear sequences provide a way out of this conundrum by independently revealing a pattern entirely consistent with that obtained with Cytb. The simplest explanation is that both nuclear and mitochondrial data reflect a burst of   FIG. 3.-a) Maximum likelihood tree for the Cytb sequences with branch lengths estimated using the non-parametric method of Sanderson (1997) . Lines corresponding to lineages that show significantly high relative rates of cladogenesis are highlighted as follows: gray (P , 0.01) and dotted (P , 0.05). b) Corresponding lineages through time plot. Time units are arbitrary but proportional to time according to the non-parametric rate smoothing method. diversification early in the history of the tuco-tucos. Given the low levels of homoplasy of our nuclear intron sequences (see Table 2 ), it is not reasonable to invoke an effect of saturation. The persistence of this polytomy across independent loci provides further evidence of a rapid clade expansion early in the history of Ctenomys. Interestingly, a recent reexamination of the echimyid case, based on additional taxa and longer mitochondrial sequences, also substantiates a true star phylogeny for spiny rats (Leite and Patton 2002) . Both of these highly diverse clades occur within the superfamily Octodontoidea, the most diverse group of caviomorph rodents (Honeycutt et al. 2003; Rowe and Honeycutt 2002) . Reig (1970) and Vrba and Gould (1986) have argued that the high species diversity of tucotucos relative to the monotypic coruro (Spalacopus cyanus) might result from species-level differences (e.g., population structure, levels of gene flow), rather than different organismic adaptations. Although our results suggest a rapid process of diversification of tuco-tucos, they cannot tell us whether species selection or other processes, including accidents of history leading to different opportunities for diversification or classical, organismic adaptations, have caused the observed levels of diversity. In fact, it is not possible at this point to say whether coruros and tuco-tucos differ in population structure and levels of gene flow. The necessary data are only available for selected tuco-tucos (e.g., C. rionegrensis- Wlasiuk et al. 2003) and lacking altogether for coruros.
Using a molecular clock, we can attempt to date the appearance of the Ctenomys clade. According to the fossil record, the split between ctenomyids and octodontids dates to 9.8 million years ago (mya- Marshall and Sempere 1993; Quintana 1994; Verzi 2002 , and references therein). Based on this calibration point, the age of the Ctenomys clade is estimated at 1.3 million years (my; individual loci yielded similar results: 1.1 my for Rho intron, 1.7 my for Vim intron). These are surprisingly low estimates, given recent records of fossil Ctenomys more than 3 my in age (Verzi 2002) . On the other hand, the expanded Cytb data set results in a corresponding estimate of 3.7 my, based on the same calibration point and Sanderson's (1997) nonparametric rate smoothing. This estimate is not in great disagreement with paleontological data. However, several sources of error render all of these estimates uncertain. These are discussed in Hillis et al. (1996) and Benton and Ayala (2003) , and include, among others, the stochastic nature of the molecular clock. Additional limitations in our estimation include the use of a single calibration point, incomplete sampling of the current diversity of the genus, and the inability to include fossil species. In sum, the ages presented in this paper can be regarded as rough estimations of the date of the appearance of the genus.
Introns in phylogenetics.-Mitochondrial genomes evolve faster than nuclear genomes. However, uncertainty remains about the amount of phylogenetic information that can be revealed by each type of locus. The core of this uncertainty concerns the levels of variation, homoplasy, and resolution of each type of locus. There are many examples of taxa where nuclear loci provide more support to certain nodes than mitochondrial loci due to lower levels of homoplasy ( Pereira et al. 2002; Rockman et al. 2001) . Intron sequences used in this paper display low levels of variation but also concomitantly low levels of homoplasy in comparison to mitochondrial Cytb data (Table 2 ). In addition, our intron data do not display strong compositional bias, which can also complicate phylogenetic inference. The pattern of variation found in intron sequences of Ctenomys could be fit to a relatively simple model of molecular evolution. The appropriateness of a simple model, such as K2PþG for nuclear introns contrasts strongly with mitochondrial Cytb, which requires a much more complex model to account for its evolutionary features. Introns are noncoding nuclear sequences and therefore are less constrained by purifying selection and compositional bias. Moreover, a Likelihood Ratio Test failed to reject the molecular clock hypothesis, suggesting rate homogeneity across lineages for these nuclear loci. In turn, the lineages through time analysis was facilitated by these convenient features.
In sum, nuclear introns are valuable for phylogenetic reconstructions, as it has already been proposed theoretically and empirically (see Adkins et al. 2001; DeBry and Seshadri 2001; Lessa 1992; Prychitko and Moore 2000; Rowe and Honeycutt 2002; Ruvolo 1997; Sheldon et al. 2000; Springer et al. 2001) . Introns appear to be promising molecular regions to reconstruct the phylogenetic history of groups of relatively recent origin, such as Ctenomys.
There has been great debate about the issue of the combinability of different datasets (Kluge 1989; Miyamoto and Fitch 1995; see Huelsenbeck et al. 1996 , for a review). Many authors argue for the use of this type of approach (Adkins et al. 2001; Flores-Villela et al. 2000; Pereira et al. 2002; Prychitko and Moore 2000; Rowe and Honeycutt 2002; Ruvolo 1997; Sota and Vogler, 2001) . Some authors favor combined data sets because phylogenetic analyses are expected to be more robust as more data are included (Pereira et al. 2002) . Others, however, claim that incongruence between individual loci reconstructions argues against combined analysis (Drovetsky 2002) . In the present analysis an attempt was made to combine both nuclear and mitochondrial data partitions. Such analyses (not shown) simply recovered the strongly supported clades, as well as their collapse at the base of the tuco-tuco radiation.
With the expansion of molecular techniques, many issues are being addressed in a molecular phylogenetic framework. New statistical approaches to the study of diversification rates have taken advantage of the growing proliferation of molecular data for diverse taxa Chan and Moore 2002; Heard and Mooers 2002; Purvis and Agapow 2002; see also McConway and Sims 2004) . The results and conclusions presented in this paper regarding the early burst of diversification documented in these highly speciose subterranean rodents await further data and statistical testing.
RESUMEN
Los tuco-tucos (género Ctenomys) son un grupo de numerosas especies de roedores histricognatos sudamericanos. Con frecuencia se los menciona como un ejemplo de especiación explosiva. Se utilizó el cuarto intrón del gen de la rodopsina (567 pb) y secuencias parciales del segundo intrón del gen de la vimentina (403 pb) para examinar las relaciones filogenéticas entre 20 especies de Ctenomys y tres octodóndidos. Algunos de los grupos principales de especies de Ctenomys previamente reportadas en la literatura (e.g., el grupo ''boliviensis'') se confirman, así como la falta de resolución de los nodos basales. Este patrón de diversificación en forma de filogenia estrella fue hallado tanto con los datos nucleares como con una base de datos mitocondriales ampliada, proveyendo evidencia adicional de que Ctenomys pasó por una fase de diversificación rápida en su historia temprana.
